Background: Following traumatic brain injury (TBI), individuals may experience chronic problems with irritability or aggression, which may need treatment to minimize the negative impact on their relationships, home life, social interactions, community participation, and employment. Objective: To test the a priori hypothesis that amantadine reduces irritability (primary hypothesis) and aggression (secondary hypothesis) among individuals greater than 6 months post-TBI. Methods: A total of 76 individuals greater than 6 months post-TBI referred for irritability management were enrolled in a parallel-group, randomized, double-blind, placebo-controlled trial of amantadine (n = 38) versus placebo (n = 38). Study participants were randomly assigned to receive amantadine hydrochloride 100 mg twice daily versus equivalent placebo for 28 days. Symptoms of irritability and aggression were measured before and after treatment using the Neuropsychiatric Inventory Irritability (NPI-I) and Aggression (NPI-A) domains, as well as the NPI-Distress for these domains. Results: In the amantadine group, 80.56% improved at least 3 points on the NPI-I, compared with 44.44% in the group that received placebo (P = .0016). Mean change in NPI-I was −4.3 in the amantadine group and −2.6 in the placebo group (P = .0085). When excluding individuals with minimal to no baseline aggression, mean change in NPI-A was −4.56 in the amantadine group and −2.46 in the placebo group (P = .046). Mean changes in NPI-I and NPI-A Distress were not statistically significant between the amantadine and placebo groups. Adverse event occurrence did not differ between the 2 groups. Conclusions: Amantadine 100 mg every morning and at noon appears an effective and safe means of reducing frequency and severity of irritability and aggression among individuals with TBI and sufficient creatinine clearance.
treatments with adequate rigor to guide medical management.
The mechanisms of TBI-related irritability and aggression have not yet been established. Models exist for non-TBI-related aggression that suggest that triggers may exist with any alteration along the pathways of emotional control that includes a provocative stimulus, sensory processing, cognitive appraisal, limbic drive, and cortical inhibition. 4 Along several aspects of this process, neurotransmitter balance, it is thought, may play a large role. However, the mechanisms of TBI-related irritability and aggression, and the efficacy of pharmaceutical agents in treating it, are not well-established. Mechanisms for pharmacologic management of aggression in non-TBI and TBI populations may include improved cognitive processing and suppression of limbic drive through manipulation of neurotransmitter availability and function, among other possible mechanisms.
Four randomized controlled medication trials have focused on treating chronic aggression (3 studies of 392 JOURNAL OF HEAD TRAUMA REHABILITATION/SEPTEMBER-OCTOBER 2014 β-blockers and one of methylphenidate), 5 which were limited by small sample size, short treatment duration, mixed brain injury etiology, and other study design issues. An evidence-based review on the pharmacologic treatment of TBI aggression published 6 in 2006 found insufficient evidence for standards, guideline-level evidence supporting β-blockers, and option-level evidence for methylphenidate, serotonin-reuptake inhibitors, valproate, lithium, tricyclic antidepressants, and buspirone.
The dopaminergic agent, amantadine, has unknown potential in treating TBI-related irritability and aggression due to a lack of research. Amantadine is reasonably safe, inexpensive, and nonsedating. Therapeutic dosing and effect are achieved rapidly, and nonresponse to the drug can be determined quickly. 7 Amantadine has been used "off-label" for decades to treat a variety of brain injury-related problems and similar problems in other populations. However, existing evidence does not allow us to establish its efficacy for these purposes. The sparse literature of amantadine for treating TBI-related behaviors and cognition [8] [9] [10] [11] [12] [13] is summarized (see Table 1 ). There have been no randomized, placebo-controlled studies published that specifically assess treatment of chronic irritability or aggression in TBI with amantadine.
Amantadine impacts dopaminergic function, acts as a N-methyl-D-aspartate channel antagonist, and may impact serotonergic function. Its pleiotropic nature may make this medication ideal for the treatment of a diffuse disease process such as TBI. Theoretical rationale exists for using monoaminergic agents in the management of TBI behaviors, 7, 14 such as irritability. Animal [15] [16] [17] [18] and clinical TBI studies 7, 9, 10, [19] [20] [21] have shown beneficial responses to monoaminergic 
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agents and chronically reduced dopamine levels. 22, 23 Dopamine is involved in frontal lobe function, behavior, and mood control. Amantadine acts presynaptically (indirectly) to enhance dopamine release and postsynaptically (directly) to inhibit dopamine reuptake. [22] [23] [24] [25] [26] [27] [28] When ingested chronically, amantadine enhances the density of postsynaptic dopaminergic receptors and may alter the receptor configuration. 23 In animal models, amantadine appears to competitively block the receptor effects of apomorphine and amphetamine. 29 Amantadine's dopaminergic properties may not be the only means for its behavioral effects. Amantadine also acts as a N-methyl-D-aspartate channel blocker, thus decreasing the activation of glutamate, 25 and laboratory evidence suggests that agents regulating glutaminergic function can reverse deficits in learning, memory, and behavior. 30, 31 Amantadine's serotonergic function may also impact behavior and mood regulation. 32 Finally, amantadine has been shown to enhance gene expression of brain-derived neurotrophic factor in rodents; thus, it may enhance neuronal growth and function. 33, 34 Behavioral toxicity has been noted with high amantadine dosing (>200 mg). Gualtieri et al 19 reported that for doses up to 400 mg/day, adverse effects included irritability, rigidity, depression, lethargy, pedal edema, seizures, hyperactivity, ataxia, and nausea. Adverse effects occurred with higher dosing and resolved with returning to the previously effective dose or discontinuing the medication. Thus, more moderate dosing may be important when used for irritability and aggression.
The dosing of amantadine, as well as its efficacy, for the treatment of TBI behaviors such as irritability needs to be established. This study aims to begin to address the gap in the current knowledge base by conducting a single-center, prospective, double-blind, randomized, placebo-controlled trial to determine the safety and efficacy of moderate-dose amantadine hydrochloride in reducing the severity, frequency, and distress of chronic irritability and aggression following TBI. We hypothesized that 28 days of treatment with amantadine (100 mg every morning and noon), as compared with placebo, administered to individuals with chronic irritability following TBI (at least 6 months postinjury at the time of enrollment), would result in reduced irritability frequency and severity (as measured by the Neuropsychiatric Inventory [NPI]-Irritability domain) at the end of the treatment interval. Secondarily, we hypothesized that amantadine would also reduce (1) observer distress over irritability and (2) frequency, severity, and observer distress over aggression among individuals with TBI. This study also gathered pilot data on participant characteristics to assess their relationship with positive responses to amantadine.
METHODS
Setting
The study was conducted at Carolinas Rehabilitation in Charlotte, North Carolina, approved by Carolinas Medical Center Institutional Review Board and registered on www.clinicaltrials.org (Identifier # NCT00627250; http://clinicaltrials.gov/ct2/show/ NCT00627250). Participant recruitment occurred via outpatient referrals from local clinicians, letters from physicians, newsletters, and local brain injury support groups.
Participants
Individuals were eligible for the study if they were 16 to 65 years old and had sustained a closed head injury due to trauma at least 6 months prior to enrollment with a score greater than 2 on NPI-Irritability domain. Enrollment was contingent upon medical and neurological stability, the ability to give informed consent and comply with study protocol, a negative pregnancy test, and creatinine clearance greater than 60 mg/dL. Exclusion criteria included anticipated surgery or medication change during the study, diagnosis of other neurologic disorder, seizure in the month prior to enrollment, concomitant use of neuroleptic agents or monoamine oxidase inhibitors, previous allergy or adverse reaction to amantadine, and ingestion of amantadine in the month prior to study enrollment. Participants were required to have an "observer," defined as a close family member or friend living with them, who was willing and able to observe the presence of irritability. Of note, all psychoactive medications must have been on stable dosing for greater than 1 month prior to enrollment with no plans to start or change such medications during study participation. All rehabilitation therapies and behavior or counseling-based therapies received had to be in existence for greater than 1 month prior to enrollment and expected to continue throughout the study or could not be started during the study.
Study design
Eligible participants were randomized to receive either amantadine hydrochloride 100 mg every morning and noon or matched placebo for 28 days (±3 days) using blocked randomization with stratification for depression (<13 vs ≥13 on the Beck Depression Inventory-II [BDI-II]) and prior exposure to amantadine (past amantadine exposure vs drug-naive).
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psychiatric history, injury severity data, and cause of injury were collected during interview and verified via medical chart review. Assessment measures were administered to the participant's observer. Observer ratings were chosen in favor of self-ratings due to decreased self-awareness in TBI, particularly for emotional, behavioral, and cognitive deficits. The participant completed the Global Mental Health Scale, Fatigue Impact Scale (FIS), Brief Symptom Inventory (BSI), and BDI-II. Once the baseline assessments were completed and eligibility criteria confirmed, the participant was randomized and the study medication dispensed. Participants were called on days 4 and 14 to assess tolerance and encourage compliance. The protocol allowed for dose reduction or drug termination if needed. The participant and the observer returned 28 days after beginning study treatment to repeat assessment measures. Adverse events, changes in concomitant medications, and the remaining number of pills were recorded. An adverse event was any unfavorable and unintended diagnosis, sign (including an abnormal laboratory finding), symptom, or disease that occurred during study participation, whether or not related to the intervention. Adverse events include new events not present during the preintervention period or events that were present during the preintervention period but increased in severity during study participation. Medication compliance was defined as taking 80% or more of the study medication. Outcome assessment at 28 days was chosen to allow adequate time to observe any changes in the individual's irritability and aggression, and to accommodate the 4-week observation interval of the NPI. At the end of the 28-day study period, participants were provided a 30-day trial of amantadine. No efficacy assessment of this open-label use was performed.
Randomization and masking
Treatment group assignment occurred through computer-generated block randomization. Everyone except the central pharmacist was blinded to group assignment.
Measures
NPI-Irritability and aggression domains
The NPI is a 40-item tool developed to assess 12 behavioral domains in dementia and has been used in TBI populations. 9, 10, 35 For each domain, several questions are asked about the behavior. The most problematic item detected through the questions is graded for severity (1 = mild, 2 = moderate, 3 = severe) and frequency ranging from 1 to 4, with 4 representing the highest frequency. The product of the severity and frequency of the most problematic item are calculated for each behavioral domain (range, 0-12). This is rated by the observer about the study participant. Distress over the most problematic item in each domain is also assessed and referred to as NPI-D or NPI Distress. The informant rates the emotional distress they themselves experience in relation to that domain expressed by the participant on a 6-point scale (range, 0-5), with lower scores indicating minimal distress. For this study, only the NPI Irritability and the Agitation/Aggression domains were scored by the informant. The NPI-I domain assesses bad temper, rapid mood changes, sudden anger, impatience, crankiness, and argumentative. The NPI-A domain assesses the tendency to get upset, resistance to activities, stubbornness, uncooperativeness, shouting, cursing, and physical behaviors indicative of aggression.
The NPI has established content and concurrent validity, as well as between-rater (approximately 95% for both frequency and severity), test-retest (0.79 for frequency and 0.86 for severity), and internal consistency reliability (the Cronbach alpha of 0.88). 36 The NPI-D has established content and concurrent validity, between-rater (0.96), test-retest (0.92), and internal consistency. 37 
Beck's depression inventory-II
The BDI-II 38 is a 21-item self-report instrument used to assess depression symptomatology and severity with established reliability and construct validity. 38 Items are rated on a 4-point scale ranging from 0 to 3. Ratings for the 21 items are summed with a maximum total score of 63. For this study, the BDI-II was administered to the subject only.
Brief symptom inventory
This 18-item self-report instrument 39 quantifies psychological distress. Frequency ratings are added to yield scores for somatization, depression, and anxiety and Tscores derived on the basis of community norms. Only the BSI Anxiety subscore was used.
Global mental health scale
This 9-item, 6-point Likert scale assesses self-rated affect and anxiety over the past month, with the sensitivity to detect most DSM (Diagnostic and Statistical Manual of Mental) disorders. 40, 41 Both participant and observer completed the measure about the participant.
Fatigue impact scale
This 20-item questionnaire assesses cognitive, physical, and social dimensions using a 5-point Likert Scale. High internal consistency has been reported. 42 Compared to the Visual Analog Scale for Fatigue and Fatigue Severity Scale, FIS provides a more comprehensive examination of fatigue in TBI. 43 The FIS was administered to the participant.
Statistical methods
Analyses were performed using SAS (Cary, North Carolina). The principal intent-to-treat analysis compared the percentage of participants who demonstrated a meaningful change in irritability from baseline to 28 days, as defined a priori as a decrease of at least 3 points in the NPI-I score (frequency × severity). This cut point was selected to capture a clinically meaningful change and was based on input from people with brain injury, their family members, and clinicians. Scores between the amantadine and placebo groups were analyzed using the chi-square test. The percentage of adverse effects were compared between the 2 groups using the chi-square/Fischer exact test. These tests were also used for all data measured on the nominal scale (eg, gender). Results that were ordinal or not normally distributed were tested with the Wilcoxon rank sum test.
Additional planned analyses included comparisons between the amantadine and placebo group on mean change in the NPI-I score (frequency × severity) from baseline to 28 days; mean change in the NPI-I Distress score from baseline to 28 days; mean change in the NPI-A score (frequency × severity) and NPI-A Distress score from baseline to 28 days; and adverse event occurrence between the treatment groups. The Spearman correlations were performed to assess the characteristics associated with improvement in irritability in the amantadine group.
It was determined a priori that the primary aggression analysis would be performed with exclusion of any participants with NPI-A score 0 to 2 to ensure that the analysis included individuals with aggression and to be consistent with the eligibility criteria for the presence of irritability (NPI-I > 2). The analysis was also performed with the entire sample to check for potential worsening of those with minimal to no aggression on amantadine.
The sample size is based on performing a chi-square test. An a priori calculation indicated that a sample size of 66 would be needed for the principal analysis to detect a difference of 20% having a successful decrease in irritability in the placebo group versus 55% in the amantadine group, assuming 80% power and alpha at 0.05. Oversampling of 10 participants was conducted to allow for up to 15% loss to follow-up.
RESULTS
Participants
Eighty-four individuals were screened for inclusion, and 76 ultimately enrolled and randomized (38 in each group) (see the Figure) . All but 4 (2 placebo and 2 amantadine) completed the study. No unblinding of the participant assignment to the participants, investigators, or other study staff (as might be needed in medical emergency or other reason) occurred. The amantadine and placebo groups were well matched with respect to baseline factors (see Table 2 ). There was a statistically significant difference between the mean age of the 2 groups, but age was not related to outcome. Ninety-two percent in both groups (70 out of 76) took greater than 80% of the medication. Mean compliance between the treatment groups was not statistically significant with a mean of 93% compliance in the amantadine group and 90% in the placebo group.
Although the presence of irritability was required for enrollment, aggression and observer distress over irritability or aggression were not mandates. All study participants had a baseline NPI-Irritability Distress score of greater than 0 with 10 participants rating 1 or 2. One participant had a 0 baseline NPI-Aggression score, and 17 scored 1 or 2. On NPI-Aggression Distress, 1 participant scored 0 and 25 scored 1 or 2 at baseline. Abbreviation: NPI, Neuropsychiatric Inventory Irritability. a Age at injury and age at enrollment between the 2 groups were statistically significant but were not related to outcome.
JOURNAL OF HEAD TRAUMA REHABILITATION/SEPTEMBER-OCTOBER 2014
the placebo group. Mean change in NPI-I score was −4.3 in the amantadine group, compared with −2.6 in the placebo group (P = .0085). The mean change in both the frequency and the severity of irritability (most problematic frequency and severity items) were statistically significant between the amantadine and placebo groups (P = .0156 and P = .0055, respectively). Mean change in NPI-I Distress was not statistically significant as indicated in Table 3 . There were no statistically significant differences in the change in BDI-II, Global Mental Health Scale, or BSI-Anxiety scores between the amantadine and placebo groups. 
Amantadine effect on aggression
The mean change in aggression scores (NPI-A and NPI-A Distress) were not statistically significant in the amantadine group, as compared with the placebo group when including all of the study participants. When the 18 individuals with baseline NPI-A scores of 0 to 2 were excluded, mean change in NPI-A was statistically significant between the amantadine and placebo groups (P = .046). Mean and median changes in NPI-A were −4.65 and −6, respectively, for the amantadine group, compared with mean change of −2.46 and median change of −3 median for the placebo group.
Adverse events
Amantadine was well tolerated among study participants. There were few adverse events and no significant difference between the 2 groups on withdrawals or adverse events (Table 4) . One participant required study drug termination, secondary to a seizure. No dose reductions were required.
DISCUSSION
The study revealed statistically significant improvement in moderate to severe irritability and aggression between the amantadine and placebo groups. The efficacy of amantadine in reducing the frequency and severity of irritability has direct clinical relevance due to the pervasive impact of irritability on functionality and relationships. Exposure to amantadine did not appear to increase the risk of adverse medical, neurologic, or behavioral effects, indicating that it can be used safely at moderate doses of 200 mg daily in individuals with TBI who have sufficient renal clearance (>60 mg/dL creatinine clearance was required for this study). No significant reduction in NPI observer distress (NPI-Distress) was noted. This is the first study looking specifically at the effect of amantadine on chronic irritability and aggression due to TBI. The rigorous, randomized, doubleblind, placebo-controlled design provides strong support of the potential use of amantadine for this purpose. Further research should replicate the study to confirm reproducibility of amantadine's positive effect on irritability and aggression. Replication with a larger sample size would allow exploration of the characteristics of positive and negative responders and a more adequately powered assessment the effect of amantadine on observer distress.
Amantadine may improve irritability and aggression through enhancing cognitive function and, through this mechanism, may enhance cognitive appraisal and behavioral dysinhibition. While a number of clinicians hold the opinion that amantadine is helpful in treating persons with TBI who have cognitive impairment in the postacute period, there is limited empirical support for this proposition. 6, 8, 12, 25, 28, [44] [45] [46] [47] Frontotemporal and brainstem damage commonly occur with TBI with associated deficits in motor control, expressive language, regulation (orbitofrontal), executive behavior (frontal convexity), initiation, and arousal. Within the brainstem lie the primary cell bodies for the monoaminergic system 44, 47 with striatocortical projections. 46 This dopaminergic system impacts behavior, motor control, autonomic function, and arousal. 48 Kraus et al 25 administered neuropsychological tests and positron emission tomography to 22 individuals with TBI taking amantadine 400 mg daily and found a significant increase in left prefrontal cortex glucose metabolism, which was significantly correlated with executive domain scores. Further research is needed to explore the cognitive effects of amantadine, and whether amantadine's effect on cognitive function plays a role in reducing irritability and aggression. The use of a double-blind, placebo-controlled methodology was critical to addressing the research question. Although a large difference was found between the 2 groups, a large placebo effect was observed in this study. Placebo effect may, in part, result from the dependence on subjective observer reporting and observer bias. Such placebo effect is known to be common with studies of subjective measure of emotional issues without a direct physiologic effect. 49, 50 Placebo effect has also been found to be associated with the production of endorphins and dopamine, 50 which could potentially impact irritability and aggression. Positive change in the placebo group may also reflect variability in the outcome measure ratings or the inconsistency in baseline behavior from month to month.
Caution should be used when interpreting the nonsignificant findings on Distress, as the study was only secondarily designed to assess this. With no inclusion criteria for distress, some enrolled did not have marked distress at baseline. The study required close enough proximity to observe the study participant's behaviors but did not require that the observer have a caregiving role or bear the brunt of the irritability behaviors. Thus, observers represented a variety of different roles and relationships to the person with brain injury, not all observers served a heavy caregiving role. The impact of amantadine on distress is not clear from this study. Future studies are needed to specifically look at distress, its relationship to behavior, and its response to treatment.
A few limitations should be considered. First, the study used subjective measures as irritability and aggression generally expresses itself sporadically in the home setting, which would preclude the use of more objective measures. Thus, the study findings are subject to observer bias. Second, the study was not powered to answer questions about what characteristics of individuals with irritability secondary to TBI would be most likely benefit from amantadine, or to explore the mechanism of the beneficial effect. Third, the study centered on chronic irritability and may not extrapolate to behaviors during the acute period after TBI.
CONCLUSION
Amantadine 200 mg daily appears a safe and effective means of reducing irritability and aggression among individuals with TBI greater than 6 months' duration and sufficient creatinine clearance.
